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A joint analysis of the linear matter power spectrum, distance measurements from type Ia su-
pernovae and the position of the first peak in the anisotropy spectrum of the cosmic microwave
background indicates a cosmological, late-time dark matter creation at 95% confidence level.
In spite of its general agreement with current observa-
tions, the standard model based on conserved cold dark
matter plus a cosmological constant (ΛCDM) presents
some theoretical issues that motivate the study of more
general models, either in the realm of modified gravity
theories or in the context of General Relativity, by in-
troducing extensions of the dark sector. Among those
issues we can refer, for example, to the so-called “co-
incidence problem”, which is alleviated in models with
interactions in the dark sector, models that have been
deserving attention in the literature for a long time (see,
for instance, [1] and references therein). Apart theo-
retical motivations, there are also observational reasons
to include interactions in the dark sector, as the ap-
pearance of observational tensions when the standard
model is tested against data of the large-scale cluster-
ing of galaxies (LSS), on one hand, and distance mea-
surements of type Ia supernovae (SNe Ia), on the other.
Some analyses of the linear mass power spectrum pro-
vide a value of Ωm0 ∼ 0.2 − 0.3 [2, 3] for the present
relative matter density, whereas from SNe Ia data one
obtains Ωm0 ∼ 0.3− 0.4 [4, 5] (see also [6] for an analy-
sis of CMB data). With more recent galaxy surveys the
value obtained for the matter density in the ΛCDM case
presents a better agreement with that derived from dis-
tance measurements [7, 8]. Nevertheless, a tension still
persists, particularly when LSS tests are compared to
CMB results [9].
This tension between different observational tests, if
not related to systematic errors, may be interpreted as a
signature of late-time dark matter creation. The idea is
that, while the power spectrum depends strongly upon
the matter density at the time of matter-radiation equal-
ity, which determines the spectrum turn-over and pro-
file, distance measurements depend strongly upon the
present value of the matter density. Therefore, if matter
is created during the matter-dominated phase but the
fitting model assumes matter conservation, the present
matter density derived from the power spectrum will ap-
pear lower than that obtained from SNe Ia observations.
In order to verify this possibility, let us take, for simplic-
ity, a substract formed only by pressureless dark matter
with energy density ρ and a vacuum term with energy
density Λ and equation of state pΛ = −Λ. The balance
equation for the total energy assumes the form
ρ˙+ 3Hρ = −Λ˙ = Γρ, (1)
where H = a˙/a is the expansion rate and the second
equality defines the rate of matter creation Γ. Clearly, a
matter creation process is concomitant with a time de-
cay of the vacuum term. Taking the derivative of the
spatially flat Friedmann equation ρ+Λ = 3H2 and sub-
stituting into (1) we find Λ˙ = 2ΓH˙. In the particular
case of a constant creation rate we obtain, apart from an
integration constant, the linear decaying law Λ = 2ΓH
[10]. In this Letter , we consider a more general ansatz
Λ = σH−2α, (2)
where α > −1 and σ = 3(1 − Ωm0)H
2(α+1)
0 . From the
above equations, it is straightforward to show that Γ =
−ασH−(2α+1). Note that for α = −1/2 the ansatz (2)
reduces to the linear case Λ = 2ΓH whereas for α =
0 the standard model with constant Λ and no matter
creation is readily recovered. The background solution
corresponding to the ansatz (2) is given by [11]
ρT = 3H
2
0
[
1− Ωm0 +
Ωm0
a3(1+α)
] 1
1+α
. (3)
In the asymptotic future the cosmic fluid (3) tends to a
cosmological constant whereas for early times it behaves
as pressureless matter, i.e.,
ρT ≈ ρ ≈ 3H
2
0Ω
1
1+α
m0 z
3 (z ≫ 0) . (4)
From this expression, it is clear that for the same den-
sity at high redshifts, negative values of α imply a higher
present density as compared to the standard model, ow-
ing to the late-time matter creation process.
Before testing the hypothesis of cosmological matter
creation against large-scale structure observations, it is
necessary to verify whether the interacting vacuum clus-
ters. For this purpose, let us rewrite Eq. (1) in the
covariant form
T µν;ν = Q
µ, (5)
T µνΛ ;ν = −Q
µ, (6)
2FIG. 1: Probability distribution functions for α and Ωm0
from the joint analysis of SNe Ia + LSS + CMB (red). The
black lines are PDFs for JLA supernovae only. The confidence
regions in the α× Ωm0 plane are also shown.
where T and TΛ stands for the energy-momentum tensors
of matter and vacuum, respectively. Qµ = Quµ + Q¯µ is
the energy-momentum transfer associated to the particle
creation, decomposed here in components colinear and
ortogonal to the cosmic fluid 4-velocity uµ. Using T µνΛ =
Λgµν , one obtains from (6)
Q = −Λ,νu
ν , (7)
Q¯µ = Λ,ν (u
µuν − gµν) . (8)
In the fluid rest frame, the energy transfer is given by
Q = −Λ˙, as in (1), whereas Q¯µ = 0, which means that
there is no momentum transfer in the isotropic back-
ground. A linear perturbation of equation (8) leads to
δQ¯0 = 0 and δQ¯i = (δΛ + Λ˙θ),i = δΛ
c
,i, where θ is the
velocity potential (~∇θ = δ~u) and the second equality de-
fines the gauge-invariant comoving perturbation of the
vacuum component [12–14]. Since the created dark mat-
ter is non-relativistic, the momentum transfer δQ¯i is neg-
ligible compared to the energy transfer or, equivalently,
δΛc ≈ 0. In other words, this means that the vacuum
energy does not cluster and all we observe in the large-
scale clustering is pressureless matter. This means, on
the other hand, that there is no pressure term in the
perturbed equations, which guarantees the absence of
instabilities in the matter power spectrum. For a de-
tailed analysis of the perturbed equations, see [15] (for
the particular case α = −1/2 see also [16], where con-
served baryons are explicitly included).
Since there is no pressure term in the perturbed equa-
tions, all observed modes in the matter power spectrum
evolve in the same way after the time of matter-radiation
equality. Therefore, the present spectrum can be writ-
ten as P (k) = P0k
nsT 2(k/keq), where keq ≈ H(zeq)/zeq
is the comoving horizon scale at the time of matter-
radiation equality, and T (k/keq) is a transfer function
that gives the spectrum profile. Without loss of gen-
erality, we adopt ns = 1 for the scalar spectral index
and use the BBKS transfer function [17]. From (4), the
redshift of matter-radiation equality can be written as
zeq = Ω
1/1+α
m0 /ΩR0, where ΩR0 = 4.15 × 10
−5h−2 is the
present relative density of radiation (h = H0/100km/s-
Mpc). We then obtain
keq = 0.073Mpc
−1 h2Ω
1
1+α
m0 . (9)
The normalisation constant P0 is a free parameter to be
determined together with Ωm0, h and α.
We test our hypothesis of cosmological particle cre-
ation from a joint analysis of the linear matter power
spectrum, the position of the first peak in the anisotropy
spectrum of the cosmic microwave background, and the
Hubble diagram of type Ia supernovae. For the matter
power spectrum analysis we use data from the 2dFGRG
survey [2]. Compared to more recent surveys (see for
example [21]), the 2dFGRG data present here the ad-
vantage of being weakly dependent on the fiducial model
used in their calibration. Updated surveys include data
from lower scales and higher redshifts (up to z ≈ 1) and
then are more contaminated by the standard model, used
in their calibration and in the treatment of non-linear ef-
fects. We also use the latest supernovae data, named
Joint Light-Curve Analysis (JLA) compilation [4], re-
calibrated with the present model using the SALT2 fitter
[22]. The position of the first peak in the CMB spec-
trum is given by l1 = lA(1 − δ1), where lA is the acous-
tic scale and δ1 = 0.267(r/0.3)
0.1. In the latter expres-
sion, r = ρR(zls)/ρ(zls) is the ratio between the radia-
tion and matter densities at the redshift of last scattering
zls ≈ 1090 [23], written as
r = ΩR0Ω
−
1
1+α
m0 zls. (10)
In our analysis we use l1 = 220.8± 0.75 [24]. It is worth
mentioning that the generalisations given by Eqs. (3),
(9) and (10) as well as the SNe Ia calibration mentioned
earlier are essential for a proper analysis of the cosmo-
logical scenario here investigated.
Using MultiNest [25] we built chains with eight free
parameters (four cosmological and four SNe Ia nuisanse
parameters) and 5000 live points. The chains were anal-
ysed with GetDist1. In Fig. 1 we show the probabil-
ity distribution functions for α and Ωm0 after marginal-
isation over the remaining parameters. Negative values
of α are clearly favoured by the joint analysis, with the
2σ marginalised bounds on the model parameters given
by −0.39 < α < −0.04, 0.24 < Ωm0 < 0.41, and
1 http://cosmologist.info/cosmomc.
30.66 < h < 0.74. With the best-fit values for these
parameters and the confidence interval for the normal-
isation constant P0, we can also derive σ8, the present
rms fluctuation at a scale of 8h−1Mpc [18, 19]. Using a
spherical top-hat filter [20], we obtain 0.81 < σ8 < 0.84.
Applying the same procedure to the ΛCDM case (i.e.
by doing α = 0), we obtain σ8 = 0.83 ± 0.015 (2σ), in
agreement with Planck’s result [6], which confirms the
robustness of our method and surveys.
The standard ΛCDM model (α = 0) is off by > 95%
confidence level. This amounts to saying that, in spite
of the simplicity of the standard phenomenology, more
general models are favoured by these observations when
the assumption of matter conservation is relaxed. This
conclusion is corroborated by the JLA likelihood, which
presents a maximum for α ≈ −1/2. Our results also
agree with early joint analyses performed with other SNe
Ia samples [11]. They should be confirmed with more
recent galaxy surveys, involving a larger range of scales
and redshifts. As mentioned above, this requires a full
recalibration of data with the general model tested here,
which is progress.
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